Outgoing longwave radiation (OLR) and low-level wind fields in the Atlantic and Pacific intertropical convergence zone (ITCZ) are dominated by variability on synoptic time scales primarily associated with easterly waves during boreal summer and fall. This study uses spectral filtering of observed OLR data to capture the convective variability coupled to Pacific easterly waves. Filtered OLR is then used as an independent variable to isolate easterly wave structure in wind, temperature, and humidity fields from open-ocean buoys, radiosondes, and gridded reanalysis products. The analysis shows that while some Pacific easterly waves originate in the Atlantic, most of the waves appear to form and strengthen within the Pacific. Pacific easterly waves have wavelengths of 4200-5900 km, westward phase speeds of 11.3-13.6 m s
Introduction
The atmosphere in the Pacific and Atlantic ITCZ is dominated by convectively coupled propagating waves on synoptic time scales. Westward-propagating synoptic disturbances include easterly waves (Chang 1970; Reed and Recker 1971; Reed et al. 1977; Nitta et al. 1985; Tai and Ogura 1987; Lau and Lau 1990; Gu and Zhang 2002; Serra and Houze 2002; Petersen et al. 2003) , as well as mixed Rossby-gravity (MRG) modes (e.g., Yanai et al. 1968; Hayashi 1970; Liebmann and Hendon 1990; Takayabu and Nitta 1993; Dunkerton and Baldwin 1995; Dickinson and Molinari 2002) . Eastward-propagating Kelvin waves also have a large influence on convection over these ocean basins (Takayabu and Murakami 1991; Dunkerton and Crum 1995; Straub and Kiladis 2002, 2003; Mounier et al. 2007) , along with the lower-frequency Madden-Julian oscillation (MJO; e.g., Madden and Julian 1994; Maloney and Hartmann 2000; Zhang 2005) . The purpose of the present study is to reexamine the statistical structure of Pacific easterly waves in data sources such as radiosondes, outgoing longwave radiation (OLR), and reanalysis, along with their signals in open-ocean buoys using spectrally filtered OLR to isolate the wave structures.
Early observations of easterly waves in the Pacific and West African-east Atlantic regions indicate that they have wavelengths of 2500-3500 km, westward phase speeds of 8 m s
Ϫ1
, periods of 3-4 days, and maximum meridional wind anomalies at 700-850 hPa (Reed and Recker 1971; Burpee 1972; Reed et al. 1977 ; Thompson et al. 1979) . Wave characteristics and phasing with convection vary with latitude and between land and ocean regions in the West African/east Atlantic region (Reed et al. 1977; Lau 1990, 1992; Diedhiou et al. 2001 Diedhiou et al. , 2002 Kiladis et al. 2006) . Studies of Pacific easterly waves also find variations in wave characteristics as a function of longitude (Reed and Recker 1971; Serra and Houze 2002; Petersen et al. 2003; Tam and Li 2006) . Much of the structural change observed in the Pacific waves is attributed to variations in the background mean vertical wind shear across the Pacific (Holton 1971; Reed and Recker 1971) . Horizontal and vertical wind shear is an additional influence on the structure of African easterly waves (e.g., Norquist et al. 1977; Hsieh and Cook 2005, 2007) .
Over West Africa and the east Atlantic, barotropic and baroclinic instabilities brought on by a reversal of the meridional potential vorticity gradient within the African Easterly Jet (AEJ), as well as a strong meridional surface temperature gradient, are the generally accepted mechanisms for the initiation of easterly waves in this region (e.g., Norquist et al. 1977; Thorncroft and Hoskins 1994a,b; Hsieh and Cook 2005, 2007; Hall et al. 2006 ). Ferreira and Schubert (1997) and Wang and Magnusdottir (2005) suggest that barotropic instability of the ITCZ resulting from vorticity anomalies related to ITCZ convection might play a role in easterly wave formation and tropical cyclogenesis in the east Pacific. Other studies suggest that easterly waves in the east Pacific originate over Africa and rejuvenate in the Caribbean and east Pacific regions because of instabilities in the mean easterly flow brought on by reversals in the background meridional potential vorticity gradient in these regions (Molinari et al. 1997; Molinari and Vollaro 2000) . Maloney and Hartmann (2001) find that low-level westerly periods related to the MJO enhance barotropic growth of eddies on submonthly time scales in the east Pacific, Gulf of Mexico, and over Central America, providing a more favorable environment for the growth of synoptic disturbances and hurricanes. These authors further suggest that waves propagating from the Caribbean into the east Pacific could be rejuvenated during a westerly phase of the MJO, as well as possibly formed in situ in these regions.
This study focuses on obtaining a statistical representation of easterly wave structure in the Pacific ITCZ for the June-November season, when the waves are most active, and compares these structures in the eastern and central-western Pacific. A detailed statistical analysis of Pacific easterly waves across the basin has not yet been available to compare with the much more extensively studied waves over the Atlantic and Africa. A thorough documentation of these waves is a first step toward further understanding of the role of easterly waves in the maintenance of the ITCZ and in tropical storm formation over the Pacific.
Data and methods
The in situ data used for this study are provided by the Tropical Atmosphere Ocean (TAO)/Triangle Trans-Ocean Buoy Network (TRITON) buoy array and the TAO/East Pacific Investigation of Climate (EPIC) buoys in the eastern tropical Pacific, along with radiosonde data from the Integrated Global Radiosonde Archive (IGRA), obtained from the National Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center (NCDC). The TAO/ TRITON array comprises nearly 70 buoys at 10 lines between 138°E and 95°W, with seven standard sites along each line from 8°S to 8°N (McPhaden et al. 1998) . Each buoy in the array measures air temperature, relative humidity, surface winds, and ocean temperatures from 1-to 500-m depth. Figure 1 shows only those buoys from the TAO/TRITON array used for this study.
In addition, our analysis relies upon meteorological data from the buoys deployed along 95°W at 3.5°, 10°, and 12°N in support of the EPIC experiment (Cronin et al. 2002) (Fig. 1) . EPIC enhancements to TAO began in late 1999 and ended in late 2003. Although the EPIC buoy study period is limited to June-November 2000-03, our overall study period for the buoys in the TAO/ TRITON array is June-November 1990 The TAO/TRITON and TAO/EPIC moorings provide high-resolution, quality controlled data at anywhere from 10 min to hourly, depending on the type of mooring recording the data. Buoy data are particularly valuable for the estimation of surface fluxes, where reanalyses have been shown to exhibit substantial biases (Jiang et al. 2005; Cronin et al. 2006b ). We smooth all high-resolution buoy measurements with greater-thanhourly resolution to hourly using a 2-h hanning window. The resulting hourly time series are used for all subsequent calculations involving buoy data in this study.
The IGRA dataset contains quality controlled radiosonde observations from several Micronesian Islands well suited for the study of waves over the central to western Pacific, as demonstrated in many past studies (e.g., Yanai et al. 1968; Reed and Recker 1971) . Here,
we utilize wind, temperature, and specific humidity data available at 50-hPa resolution from Koror (7.3°N, 134.5°E) and Majuro (7.1°N, 171.4°E), the most western and eastern Micronesian Islands, respectively. These data provide a detailed view of the vertical structure of easterly waves across the Micronesian region.
To document the structure of synoptic disturbances across the Pacific ITCZ, we also analyze NOAA OLR and the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis winds, temperatures, and humidities for June-November 1979 following the method of Wheeler et al. (2000) . Easterly waves can be effectively isolated through space-time filtering of OLR following the methodology of Wheeler and Kiladis (1999) , who found spectral peaks corresponding to easterly waves [the tropical disturbance (TD) band; see their Fig. 5 ]. An advantage of using OLR as a basis to isolate the kinematic fields associated with the wave is that we rely on a more directly observed quantity rather than the reanalyses for determining the location, time period, and intensity of easterly wave activity. The space-time region we use as a filter in the study is shown in Fig. 1 of Kiladis et al. (2006) , and basically includes fluctuations between 2 and 6 days in westwardmoving zonal wavenumbers more than 6. We linearly regress unfiltered daily averaged OLR, IGRA, and NCEP-NCAR fields onto TD-filtered OLR time series at select locations ("base points") to obtain statistical representations of their vertical and horizontal structure related to easterly waves. TAO data are first smoothed to 6-hourly, matching the NCEP-NCAR reanalyses time resolution. Both datasets are then subsampled at 0600 and 1800 UTC for regressing onto twice-daily OLR data. Statistical significance is assessed through a standard t test once the degrees of freedom are determined from the autocorrelation characteristics of both the predictor and predictand. For a more complete description of this technique we refer the reader to the above references, and in particular to Kiladis et al. (2006) , who apply this technique to study Atlantic and African easterly waves. Profiles of NCEP-NCAR zonal winds from 10°S to 20°N along 95°W and 172.5°E, as well as a longitudinal cross section from 120°E to 60°W along 7.5°N are shown in Fig. 2 . At 95°W (Fig. 2a) , two easterly wind maxima between roughly the equator and 10°N are evident, one at 700 hPa and another stronger one at 200 hPa. Strong easterly shear is observed below 700 hPa as well as above 200 hPa at the latitudes of these maxima. At 172.5°E (Fig. 2b) , the easterly maximum tilts equatorward with height, with the near-surface maximum at 15°N shifting upward to 400 hPa at the equator. Weak shear is evident throughout the troposphere south of 10°N at this location. The longitudinal cross section at the latitude of the ITCZ in Fig. 2c indicates that the greatest vertical shear in the zonal winds is in the east Pacific at 150 hPa where westerly shear is observed, and at 850 hPa where easterly shear is observed. Strong westerly shear is also observed in the far western por- tion of the basin west of 150°E in the midtroposphere. Background mean wind profiles have been shown to affect the structure of easterly waves (Holton 1971) . The tilt of the wave structure with respect to the mean wind profiles also indicates the direction of kinetic energy transfer between the waves and the mean flow.
Further discussion of the mean zonal wind fields in relation to the observed easterly wave structure will be presented in later sections.
Surface variability on synoptic time scales in the tropical Pacific

a. Seasonal cycle
Seasonal analyses of TD-filtered OLR variance indicate that the easterly wave activity is at a maximum during boreal summer and fall seasons (Roundy and Frank 2004) . This is evident in Fig. 3 , which shows the standard deviations of twice-daily TD-filtered OLR throughout the tropical Pacific for each 3-month season. The seasonal cycle of easterly wave activity mirrors the annual cycle of mean convection over the Pacific (e.g., Mitchell and Wallace 1992) , with a peak amplitude in Northern Hemisphere summer and fall. Thus, we focus our analysis of synoptic variability in the tropical east Pacific within the June-November time period. Here, 20 W m Ϫ2 is used as a representative perturbation in the TD-filtered OLR anomaly, a typical value for an unfiltered easterly wave over the Pacific.
b. TAO buoy spectral results
To examine surface synoptic variability in the Pacific, we have computed the power spectral density for the TAO/TRITON buoy surface data at 5°and 8°N from 156°E to 95°W for June-November 1990 . A more detailed comparison between buoy spectra and those obtained from various reanalyses datasets is presented by Serra et al. (2007) , and shows that reanalyses do a reasonable job of capturing Pacific surface variability on synoptic time scales. The power spectral density is calculated using the Welch periodogram method with 50% overlap on 120-day segments of hourly buoy data. Power spectral estimates for each June-November period are then averaged together over all years to obtain the mean and standard deviation of the power spectral density for each variable, where the degrees of freedom are assumed to be one less than the total number of 120-day segments.
The June-November power spectral density of meridional and zonal wind, air temperature, and specific humidity for the TAO/TRITON moorings are shown in Fig. 4 . The vertical gray lines in each plot bracket variability on 3-6-day time periods. The power spectra are plotted in variance-preserving format so that the area under the curve represents the variance at a given period. The 3-6-day period explains 30% of the variance in the meridional and 15% of the variance in the zonal winds out to 120 days, (Figs. 4a, b) . Also evident are the diurnal and semidiurnal peaks in the wind components. The diurnal peak is most prominent in the meridional winds, while the semidiurnal peak dominates the zonal winds in agreement with Deser and Smith (1998) . As the mean flow tends to be zonal in this region, the zonal winds tend to have more power at lower frequencies than the meridional winds.
The 3-6-day period explains 15% of the variance in temperature out to 120 days. The diurnal and semidiurnal peaks are more prominent but together explain less then 1% of the total variance over this time period. The values above the arrowheads in this plot denote the power for these peaks, which is outside the upper range of the graph. The energy on synoptic time scales for temperature tends to cascade toward shorter time-scale variability, in contrast to the energy on synoptic time scales for the wind components, which appears as welldefined spectral peaks. The physical basis, if any, for the large tridiurnal peak at 8 h and subsequent peaks on shorter time scales has not yet been investigated.
The variance in specific humidity is shown in Fig. 4d . As with the winds and temperature, the synoptic signal is the largest fraction of the total variance in humidity up to 120 days, explaining 17% of the variance over this time period. These data also indicate significant diurnal and semidiurnal humidity variance, with the semidiurnal peak being more prominent than the diurnal peak. At lower frequencies, the humidity spectrum indicates small peaks at 10 days, 17 days, and roughly 50 days. These low-frequency peaks are also observed to a lesser extent in the zonal wind data (Fig. 4b) . Equatorial Kelvin or Rossby waves may explain the 10-and 17-day variability (Kiladis and Wheeler 1995) , while the MJO likely accounts for the broad peak centered at 50 days. The power spectra of buoy wind, temperature, and humidity data shown in Fig. 4 demonstrate that synoptic time scales dominate the variability in the Pacific ITCZ during June-November. It is important to recognize that, along with easterly waves, MRG waves also contribute substantially to the variability over the Pacific in the 3-6-day-period range (e.g., Liebmann and Hendon 1990; Wheeler et al. 2000; Roundy and Frank 2004) , but these waves are easily eliminated by the space-time filtering approach employed in this study.
c. Easterly wave surface variability
To determine the phase relationships between easterly waves and surface parameters from the buoys, we regress buoy meridional wind, air temperature, specific humidity, and latent heat flux at 10°N, 95°W and 8°N, 165°E onto TD-filtered OLR at 10°N, 95°W and 7.5°N, 165°E, respectively. Figure 5 shows time-lagged regressions of these variables for both base points, as well as time-lagged regressions of OLR, all scaled to an OLR perturbation of Ϫ20 W m Ϫ2 . The sign convention for latent heat flux is such that a negative anomaly implies enhanced evaporation from the ocean. Because of the additional measurements provided by the TAO/EPIC buoys (Cronin et al. 2006a) , we also show time-lagged regressions of longwave cloud forcing, shortwave cloud forcing, and rain rate for the 95°W location (Fig. 5c) . Cloud forcing is calculated as the cloudy minus clear sky radiation at the surface (Cronin et al. 2006a) .
At both 10°N, 95°W and 8°N, 165°E, the regressions show that a day or so in advance of the minimum in OLR, anomalously warm and humid conditions within northerlies are seen, followed by anomalously high (more cooling) surface latent heat flux coincident with the OLR minimum. As the wave passes, the winds shift to anomalously southerly with cool and dry conditions. The additional measurements at 95°W show that maximum cloudiness and rainfall are associated with the OLR minimum. Indeed, the radiometer measurements indicate that cloud forcing, probably due to low stratiform, continues for several days beyond the OLR minimum, consistent with Petersen et al.'s (2003) observations during the EPIC field campaign. While these measurements do not permit a quantitative estimate of the precipitation and evaporation terms associated with easterly waves, the observed precipitation anomalies are an order of magnitude larger than the moisture flux anomalies suggesting moisture convergence is important to the maintenance of the convection coupled to the waves.
The primary difference between the two sites is that the near-surface cooling lags the OLR minimum by a day at 10°N, 95°W, while it is in phase with it at 8°N, 165°E. In addition, the magnitudes of the moistening and latent heat flux anomalies are greater at 10°N, 95°W than at 8°N, 165°E. Otherwise, the wave structure is remarkably similar at these locations.
Time-longitude diagrams of the meridional wind anomalies across the TAO array for the 10°N, 95°W base point (not shown) indicate phase speeds of about Ϫ13.6 m s Ϫ1 and wavelengths of about 5900 km (Table  1) . Using a similar diagram, the estimated phase speed for the base point at 7.5°N, 165°E is Ϫ12.2 m s Ϫ1 and the estimated wavelength is 4600 km (Table 1) . Thus, the waves at 165°E are slower and shorter than those farther east. This is investigated further in the next section.
Horizontal eddy structure
We use the base points at 10°N, 95°W and 7.5°N, 172.5°E to study the horizontal structure of easterly waves in the NCEP-NCAR reanalyses. The 172.5°E location is suitable for comparisons with historic studies of easterly waves as well as island radiosonde data near this location, while the 95°W location permits us to compare our results with the TAO/EPIC buoy data and other relevant short-term datasets in the east Pacific (i.e., Serra and Houze 2002; Petersen et al. 2003) .
A Hovmoeller diagram of OLR regressions along 10°N for the 10°N, 95°W base point is shown in Fig. 6a . The TD-wave signal is coherent from around 20°to 160°W, suggesting that a significant portion of these waves originate over western Africa. In contrast, little or no coherence with the Atlantic is seen for base points farther west (e.g., Fig. 6b ), suggesting that the bulk of the easterly waves over the central and western Pacific originate within the Pacific basin. From Fig. 6a , the phase speed of the convective signal over the eastern Pacific is estimated to be around Ϫ10.5 m s
Ϫ1
, with a wavelength of 3300 km (Table 2) , similar to the scales obtained by Reed and Recker (1971) , Tai and Ogura (1987) , and Takayabu and Nitta (1993) . A similar diagram for 700-hPa meridional wind regressions (not shown) indicates the kinematic signal has a phase speed of Ϫ11.3 m s
, with a wavelength of 4400 km, somewhat faster and longer than the convective structure (Table 2) . These values can be compared to those calculated from the buoy surface wind anomalies and indicate that the NCEP-NCAR wave structure at 700 hPa is in between the slower, shorter structure reported by Serra and Houze (2002) and the faster, longer structure estimated from the buoy surface winds (Table 1 ). The characteristics of the central Pacific waves are very similar although with a slightly longer convective wavelength and slightly shorter kinematic wavelength (Tables 1, 2 ). As they propagate into the western Pacific (west of 150°E), their phase speeds slow to near Ϫ6 m s Ϫ1 and their wavelengths decrease to around 2500 km (Fig. 6b) , as with the disturbances studied by Lau and Lau (1990) and Tam and Li (2006) . Thus, Fig. 6b provides evidence of a substantial modification in the structure of easterly waves by the basic state shown in Figs. 1b, 2 as they propagate into the far west Pacific, consistent with the overall weakening and confluence of the zonal wind over this region (e.g., Sobel and Bretherton 1999) . Figure 7 shows the results of regressing NCEP-NCAR 700-hPa winds onto a Ϫ20 W m Ϫ2 anomaly in TD-filtered OLR at 10°N, 95°W for lags Ϫ4 to ϩ4 days. The contours represent the streamfunction, while the arrows represent wind direction and speed. Arrows indicate where wind regressions are 90% significant. Also shown are regressions of OLR data onto TD-filtered OLR for the same base point (shaded). Using this far eastern base point for our regressions, we clearly see that some of the easterly wave signal in OLR and circulation is originating farther east within the Atlantic, with 90% significant wind vectors observed within the Atlantic at all lags. The gap in the mountains near Panama may be important for this Atlantic connection, as evidenced by a convective signal crossing there, but this is not seen over Central America when base points farther north are used (not shown). We note that previous observational and modeling work has suggested that easterly wave circulations would be substantially modified as they cross the orography over Central America (e.g., Zehnder et al. 1999 ).
The convection is located north and east of the cyclonic centers in the southerlies in this region, consistent with the buoy regressions shown in Fig. 5a , and with the observations of easterly waves over the eastern Pacific during EPIC by Petersen et al. (2003) . There is also evidence of a northwestward propagation of OLR once the waves enter the east Pacific. This northwestward propagation of convection, as well as a separation from the circulation features farther south, is most evident for lags 0 and ϩ2 (Figs. 7c,d ). For instance, the suppressed region at about 12°N, 110°W at lag 0 is seen to be north and east of the circulation centers, which are located at about 5°-7.5°N for this base point. A similar situation is observed at lag ϩ2, where the convective and suppressed centers remain along the coast of Central America and Mexico, while the cyclonicanticyclonic couplet propagates westward. Convection shifts more into the southerlies west of about 120°W, 
but is still not quite in quadrature with vorticity, as is seen in Atlantic easterly waves (see Kiladis et al. 2006 and references therein). At lag 0, the circulation anomalies over Panama are very pronounced and the cyclonic-anticyclonic streamfunction centers are evident west to about the date line. The circulations start out elongated from southwest to northeast in the far eastern portion of the Pacific, becoming more isotropic farther west. The circulation patterns also shift from being north of the equator in the eastern portion of the basin to being more along the equator farther west. This is most evident at positive lags, where the circulation anomalies to the west are strongest. The southwest to northeast tilt of the waves in the eastern Pacific seen in Fig. 7 implies a flux of easterly momentum equatorward from the easterly maximum north of the equator in Fig. 1b , and, as will be shown in section 7, is indicative of a barotropic conversion of zonal kinetic to eddy kinetic energy. As is wellknown over Africa, not all Pacific easterly waves have an associated OLR signal, as seen for instance in Fig. 7e  near 160°W .
We compare the easterly wave structure at 95°W with that at 172.5°E in Fig. 8 . Comparing positive lags in Fig. 7 to negative lags in Fig. 8 , we see that the wave structures along the equator in both analyses indicate that west Pacific waves do not seem to have strong precursors in the east, but amplify significantly in situ once formed over the central part of the basin. Convection moves into the trough as the waves propagate farther west (Fig. 8e) , a shift also noted by Reed and Recker (1971) .
As these waves propagate westward, they tend to gain a more southwest to northeast tilt, similar to the waves in the eastern Pacific. As seen in Fig. 1b , this is also a region of weak easterly shear equatorward of about 15°N. Thus, as in the eastern Pacific, the tilt of these waves suggests a barotropic conversion from zonal kinetic to eddy kinetic energy. However, as will be shown in section 7, energetics calculations indicate that barotropic conversions are not the primary source of energy for these waves, as easterly wave convection becomes more intense to the west (Fig. 3) . Figure 9 shows TD-filtered OLR and the vertical structure in the zonal plane along 10°N in meridional wind, temperature, and specific humidity for the base point at 10°N, 95°W at 0 lag. NCEP-NCAR specific humidity is only available from 1000 to 300 hPa. The meridional wind structure extends to about 300 hPa and shows little or a slightly eastward tilt with height (Fig.  9b) . A similar vertically upright structure, with a reversal of the meridional flow above 300 hPa, is comparable to that seen in easterly waves within the ITCZ over the African continent ). The maximum meridional wind anomalies at this location are observed at about 500-600 hPa.
Vertical eddy structure a. Structure in reanalysis
The temperature structure tilts eastward with height between 700 and 300 hPa, and westward above this level (Fig. 9c) . Below 500 hPa, cold anomalies are observed within and behind the convection, consistent with the buoy temperature regressions in Fig. 5a , while warm anomalies are observed from 500 to 200 hPa in this phase of the wave. This structure is also seen in the majority of other convectively coupled equatorial waves (Wheeler et al. 2000; Straub and Kiladis 2003) , and in African easterly waves , although in the latter case the "elbow" of the tilt is located at the AEJ level of 700 hPa. The in-phase relationship between upper-tropospheric temperature anomalies and convection at 95°W (and thus diabatic heating due to latent heat release) implies a conversion from eddy available potential to eddy kinetic energy as an energy source for the waves.
Moist anomalies are observed throughout the troposphere within the region of the convection (Fig. 9d) . However, near the surface up to about 750 hPa, anomalously high moisture is also observed in the warm air ahead of the convection, consistent with the buoy regressions in Fig. 5b and with Petersen et al.'s (2003) composites. The sequence indicates that moistening occurs first at the 925-hPa level and then spreads upward into the convective center. A rapid moistening of the entire lower and midtroposphere occurs within the deep convection, followed first by a cooling then drying at low levels while it is still moist aloft. This is consistent with implied progression of shallow convection ahead of the wave, which then develops into deep convection before transitioning into stratiform precipitation behind the disturbance, as seen in a variety of other convectively coupled waves (e.g., Takayabu et al. 1996; Straub and Kiladis 2003; Haertel and Kiladis 2004; Kiladis et al. 2006) .
The vertical profiles for the 172.5°E base point in the zonal plane along 7.5°N are shown in Fig. 10 . The meridional wind vertical structure indicates a slight eastward tilt with height; similar to what is observed for the 95°W base point. The convection is closer to the center of the cyclonic circulation at this location at 300 hPa, while it is within the southerlies below this level. Cold anomalies are observed at the surface within the convective center, with the coldest anomalies at 500 hPa behind the convection. Warm anomalies are observed over a broad region between 450 and 200 hPa within the trough, once again consistent with latent heating as an energy source, as at 95°W. The humidity anomalies at this location indicate moistening occurring ahead of the convection at low levels, followed by a deep moistening throughout the troposphere within the convection. The upper-level moisture anomalies at 172.5°E are not as broad as those at 95°W and the temperature and moisture anomalies in general are not as large as those at 95°W. This difference may in part be due to a fundamental change in the nature of the more vigorous mean convection over the west Pacific warm pool whose eastern edge extends beyond 172.5°E, as well as to the change in the basic state (discussed farther below).
b. Structure in radiosonde data
We compare the reanalysis vertical profiles at 7.5°N, 172.5°E with those obtained from the IGRA sounding station at Majuro (7.1°N, 171.4°E). We also include the vertical profiles from the IGRA sounding station at Koror (7.3°N, 134.5°E) to further characterize the change in easterly wave structure indicated by the regressions in Fig. 8e . Similar results are obtained by using the nearest reanalysis gridpoint data to these stations, although the radiosonde plots show more detail due to their higher vertical resolution. Figure 11 shows TD-filtered OLR, as well as the meridional wind, temperature, and moisture profiles as a function of time at these locations. The meridional wind profile at Majuro tilts to the east with height up to about 250 hPa, with a maximum around 600 hPa, abruptly changing to tilt westward with height above this level (Fig. 11b) . The structure below 300 hPa is very similar to the regressions of NCEP-NCAR reanalyses at 7.5°N, 172.5°E (Fig. 10b) . The displacement of the maximum wind center to lower levels in time below 250 hPa at Majuro suggests downward energy propagation. Above this level, downward phase propagation over time implies upward energy dispersion, generated by a moving heat source, as seen in other equatorial waves (e.g., Wheeler et al. 2000) .
In contrast, the lower-tropospheric tilt of meridional wind at Koror (Fig. 11f) shows downward phase propagation over time, or a slightly westward tilt with height. This change in vertical structure is in good agreement with Reed and Recker (1971) , who analyzed sounding data from these same island locations for July-September 1967. These authors attributed the change in vertical tilt with longitude to changes in the background vertical shear, consistent with the modeling and theoretical result of Holton (1971) . The background state between 700 and 300 hPa shown in Fig. 2 supports these conclusions, indicating very little shear with height in the eastern portion of the basin, slight westerly shear near 170°E, and easterly shear west of about 150°E.
The convection is seen to shift from the center of the trough at Majuro in the central Pacific to the northerlies in the far west Pacific at Koror (Fig. 11) . This shift in the convection with respect to the wave structure is also observed in the reanalyses; however, the convection is within the southerlies in the vicinity of Majuro shifting to the center of the trough near 135°E (Fig. 8e) .
Temperature profiles for Majuro and Koror are shown in Figs. 11c,g along with moisture profiles in Figs. 11d,h. The temperature profiles at Majuro indicate a cold anomaly within and behind the trough with two maxima, one at the surface and the other near 700 hPa, and a warm anomaly aloft at about 250-300 hPa. The pronounced surface cooling (Fig. 11c) and drying (Fig. 11d) following the minimum OLR is likely due to convective downdrafts transporting low-entropy air from midlevels into the boundary layer (Zipser 1977) . The upper-level warm anomaly is in phase with the implied convection at Majuro, while the reanalyses indicate a maximum in upper-level warming slightly to the west of (ahead of) the convection for the base point at 172.5°E (Fig. 10c) . Wheeler et al. (2000) also note a tendency for warm anomalies to lead convection for FIG. 10 . Same as Fig. 9 but for base point at 7.5°N, 172.5°E in the zonal plane along 7.5°N.
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other equatorial waves in reanalysis, while radiosonde observations generally show the convection coincident with the warm anomalies (e.g., Straub and Kiladis 2003; Haertel and Kiladis 2004; Kiladis et al. 2006) . The upper-level warm anomaly at Koror is at about 300 hPa and slightly behind the convection. As with the meridional wind, the overall temperature structure is similar at both Koror and Majuro, except for a change toward eastward vertical tilts at Koror, presumably related to changes in the basic-state flow and its interaction with the diabatic heating within the convecting region.
The observed moisture structure for the IGRA stations indicates moist anomalies ahead of the trough and convection at low levels (up to about 850 hPa), followed by deep moistening aloft within and behind the trough and convective center, and drying near the surface behind the trough (Figs. 11d,h ). This structure is similar to what is observed in the reanalyses for both 95°W and 172.5°E. There is a less gradual transition and more of a two-tiered structure at Koror (Fig. 11h) when compared to Majuro (Fig. 11d) , along with less amplitude in the moisture perturbations for a given OLR signal. This 1278 is perhaps related to a real difference in the nature of convection between the two locations, with the Koror warm pool region being generally more moist and thus giving a weaker signal.
Energetics
In previous sections we noted evidence of a conversion from mean flow to eddy kinetic energy within Pacific easterly waves based on the tilt of the wave structure with respect to profiles of mean wind shear. In addition, we noted the implied conversion of eddy potential energy to eddy kinetic energy based on the vertical profiles of temperature anomalies with respect to the location of upward motion within the convective signal. In this section we estimate the conversion terms in the energy budget using reanalyses to better understand the forcing of easterly waves in the Pacific.
Our approach consists of a statistical representation of easterly waves superimposed on a 25-yr June-November mean flow. Thus, any variable a in our system is written as a ϭ a clim ϩ aЈ, where a clim is the June-November climatology at a particular location and aЈ is the TD-wave perturbation at that location obtained from the regressions. In this case aЈ t ϭ 0, where the overbar denotes an average over one or more wave periods. To account for stratification, we further divide clim into a regional mean (͗ ͘) and deviation from the regional mean (⌬): clim (x, y, p) (x, y, p) . This approach differs from previous studies of easterly wave energetics for which the calculations are based on a case study rather than a wave climatology (e.g., Norquist et al. 1977; Reed et al. 1988 ). In addition we define wave perturbations with respect to temporal rather than longitudinal averages, as was done, for example, by Reed et al. (1988) . This gives a more accurate estimate over wave cycles than an average over longitude, where arbitrary domain boundaries would have to be drawn.
A derivation of time-mean eddy energetics can be found in Cronin and Watts (1996) but for ocean eddies. Detailed derivations of eddy energetics for the atmosphere using longitudinal averaging can be found in, for example, Lorenz (1955) , Norquist et al. (1977), and Plumb (1983) . Using these references as a guide, we define the mean eddy kinetic (K E ) and potential energy (A E ) as
where R is the universal gas constant for dry air and the angle bracket denotes a horizontal average. Averaging over the wave period, the eddy energy budgets can then be written as
where C AE→KE is the conversion from eddy available potential energy to eddy kinetic energy, C KM→KE is the conversion from mean to eddy kinetic energy, and C AM→AE is the conversion from mean available potential energy to eddy potential energy. Additional terms not found in the longitudinal averaging approach are the advection by the mean flow terms, ADV KE and ADV AE . Other additional terms are the fluxes of eddy kinetic (F KE ) and eddy available potential energy (F AE ) at the boundaries of a defined region, as well as the dissipation of eddy kinetic energy (D) and sources and sinks of eddy available potential energy due to heating (S). As in Norquist et al. (1977) , we make no attempt to calculate these additional terms primarily because the reanalysis data and regression technique used to define the waveform in this study do not permit reliable estimates of them. The conversion terms from the above equations are
where c p is the specific heat at constant pressure, ϭ dp/dt, and ٌ is the three-dimensional divergence operator. For these calculations, the overbar indicates an average over Ϯ4-day lag and the angle brackets indicate an area average taken over Ϯ20°from the base point in longitude and from 5°S to 15°N in latitude.
The most prominent terms from the above equations are presented in a vertically integrated form and as a meridional profile in Figs. 12a,b and 13a ,b, respectively. The meridional profiles of C AE→KE as well as eddy temperature anomalies at lag 0 are shown for the 95°W (Fig. 12a ) and 172.5°E (Fig. 12b) base points (note that these two panels have a different scaling than Figs. 12c, d and 13) . When compared to the other terms in Figs. 12 and 13, C AE→KE is the dominant term shown for the waves at both locations especially at upper levels, and represents a baroclinic conversion due to ver-tical overturning of rising warm air and sinking cold air. Although calculation of the diabatic heating term using reanalysis is problematic, warm temperature anomalies at lag 0 do coincide with upward motion in the analysis (not shown) and also where OLR is a minimum at both locations, suggesting that latent heating from the convection coupled to the waves generates eddy available potential energy. This result supports the conclusions inferred qualitatively in previous studies (e.g., Tai and Ogura 1987; Takayabu and Nitta 1993; Lau and Lau 1992) that latent heating is a crucial energy source for the maintenance of Pacific easterly waves.
In Figs. 12c,d we show the second term in (5) for C AM→AE , along with the meridional gradients in JuneNovember climatologies of potential temperature for the 95°W and 172.5°E base points, respectively. It is perhaps not surprising that this term is small since unlike with the African waves adjacent to the Sahara, there is no strong heat flux into the Pacific ITCZ from the surrounding regions. Norquist et al. (1977) found that C KM→KE was a significant energy source for Atlantic waves, and, in par- ticular, that it was the conversion from the meridional shear in the zonal mean wind to eddy kinetic energy that was most important. We have plotted this term in Figs. 13a,b for the 95°W and 172.5°E base points, respectively, along with the June-November zonal wind climatologies at these locations. This term is generally smaller than C AE→KE except near 850 hPa at the latitudes of the ITCZ, where some conversion from mean zonal flow to eddy energy is observed. The conversion from the meridional shear in the meridional mean wind to eddy energy is plotted in Figs. 13c,d along with the June-November meridional wind climatologies. A conversion of energy from the mean meridional wind to the eddy is seen at 600-700 hPa near the latitudes of the ITCZ at both locations, suggesting that lateral shear in the mean meridional wind may be of greater importance to the Pacific waves than lateral shear in the zonal wind found for the African waves, although a detailed comparison of budgets between the regions using a consistent methodology would be necessary to confirm this.
Summary and conclusions
This study presents a statistical analysis of easterly wave structure across the Pacific basin using in situ data and reanalyses. Easterly wave variability is isolated from observed OLR using a spectral filter in the "TD band" following the technique of Wheeler and Kiladis (1999) . The wave structure is then determined by regressing wind, temperature, and specific humidity onto the filtered OLR. This method isolates the dynamic and thermodynamic structure of the surface data, soundings, and reanalyses best correlated with the observed easterly wave convective signal.
In the far eastern portion of the basin the meridional wind structure of the waves shows little tilt with height, with the maximum anomalies observed near 500-700 hPa. The convection is observed slightly behind the lower-tropospheric trough in these waves. The wave speed estimated from the reanalyses at 700 hPa is Ϫ11.3 m s Ϫ1 , while near the surface the TAO buoys indicate wave speeds closer to Ϫ13.6 m s Ϫ1 . The OLR data suggest that the convective envelope moves at Ϫ10.5 m s Ϫ1 , slower than either of the wave speed estimates. Wavelengths in this region are estimated at 4400 and 5900 km for the 700-hPa reanalyses and buoys, respectively, while the wavelength of the convective structure is closer to 3300 km. A warm, moist boundary layer precedes the wave trough, followed by enhanced latent heat fluxes within the trough, and finally a convective maximum slightly behind the trough. The convective maximum is coincident with a deep tropospheric moistening, warming at upper levels, and cooling at lower levels.
The wave structure at 172.5°E is similar to that at 95°W, with the waves tilting slightly to the east with height, a maximum wave signature near 600 hPa, and the convection slightly behind the wave trough at low levels. A warm, moist boundary layer is also observed ahead of the trough at this location, followed by deep moistening and cooling at low levels within and behind the convection. The speed of the convective structure is estimated at Ϫ12.0 m s Ϫ1 , closer to both the speed of the kinematic structure at 700 hPa, which remains the same at Ϫ11.3 m s
Ϫ1
, and the speed of the wave near the surface estimated at Ϫ12.2 m s
. Consistent with these estimates, convection is observed to pass from being within the southerlies near our base point at 172.5°E to being within the trough near 135°E (Fig. 8) . A shift of the convective center between the central and west Pacific seen in the reanalyses is also observed in the radiosonde data as well as in the analyses of Reed and Recker (1971) .
Overall, our results suggest that Pacific easterly waves are maintained through tight coupling between convection and the circulation, a conclusion also inferred by Takayabu and Nitta (1993) . By tight coupling we mean that cold anomalies at the surface and warm anomalies aloft are coincident with the convective centers, implying the source for the temperature anomalies is latent heating. The surface data suggest that evaporative flux anomalies are an order of magnitude smaller than the precipitation anomalies, suggesting that moisture convergence is important to the maintenance of the convection coupled to the waves. Unlike over West Africa, the mean zonal flow across the Pacific has no strong barotropically unstable zone where the easterly waves are obviously being formed, as noted by Tai and Ogura (1987) . While there are regions across the tropical Pacific where barotropic conversion of zonal kinetic to eddy kinetic energy is indicated, our energetic analysis suggests that these terms are much smaller than those observed in the east Atlantic and over West Africa. The observed baroclinic conversions implied by the vertical tilt of the waves within the mean vertical shear are even smaller than the barotropic conversions, consistent with other studies of easterly waves over the ocean both in the Atlantic and Pacific (Thompson et al. 1979; Thorncroft and Hoskins 1994a,b; Hall et al. 2006) .
Finally, our analyses indicate that the origin of some eastern Pacific waves is the Atlantic and that many also form off the coast. Some of the central Pacific waves appear to originate in situ and do not necessarily propagate all the way from the east Pacific. Several theories exist for possible sources of easterly waves in the eastern Pacific, including flow over the Mexican highlands (e.g., Zehnder 1991), and barotropic instability (Fer-reira and Schubert 1997; Molinari et al. 1997 Molinari et al. , 2000 Maloney and Hartmann 2000) . Holland (1995) and Sobel and Bretherton (1999) suggest wave accumulation (Webster and Chang 1988) as possible amplifiers of easterly waves in the western Pacific. Our work suggests that at least on seasonal time scales, the conversion from mean flow to eddy kinetic energy is not a leading term in the energetics of easterly waves in this region. Our future work will investigate defining the mean flow over shorter intraseasonal time scales, as suggested by the work of Maloney and Hartmann (2000) .
A better understanding of the origin and maintenance of easterly waves is important for improving our ability to model the tropical climate. Hodges et al. (2003) show that model representation of both midlatitude and tropical storm tracks (easterly waves) varies considerably. As these regions are important aspects of the global water and energy cycle, accurate modeling of their duration, location, and intensity is necessary for modeling both our current climate as well as any future climate change.
